Abstract -Batch fecundity and relative fecundity of swordfish (Xiphias gladius) in the southwestern Indian Ocean were estimated from seven gravid swordfish females (size range 127-225 cm lower jaw-to-fork length, LJFL) with unovulated, hydrated oocytes collected onboard Reunion-based (France) longline swordfish fishing vessels between December 1999 to January 2001. To investigate the spawning pattern of swordfish, we used data collected through a combination of two at sea sampling regimes. A total of 17 007 geo-located size data of swordfish were recorded during 8 years (1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)) and a total of 1727 (size range 75-289 cm, LJFL) swordfish gonads (1107 females and 620 males) were sampled from May 1998 to January 2001. The estimated batch fecundity ranged from 995 000 hydrated oocytes for the smallest ripe female to 4.3 millions for the largest female sampled measuring respectively 127 to 225 cm in curved length (LJFL). The relative fecundity ranged from 25 to 72 hydrated oocytes per gram of body weight. We found that batch fecundity was positively correlated with fish length and that the older/larger females have earlier and longer spawning seasons than younger/ smaller females. These findings suggested that older/larger females which are seasonally migrating in this spawning ground seem to play a major role in reproductive success of the species in producing significantly more offspring than younger females during an extended spawning season. Examination of the length-frequency date from the fishery indicated that the young fish are resident around Reunion and around the seamounts off Reunion Island. Our results highlight the important role of the older/larger females in the reproductive capacity of southwestern Indian Ocean stock. We discuss the potential implications of fishing the older/larger females for this stock in terms of reproduction and recruitment.
Introduction
Swordfish (Xiphias gladius) is one of the most widely distributed pelagic fish species globally and makes up an important fishery resource in the entire Indian Ocean. The catches of swordfish markedly increased after 1990 to a peak of 35 000 t in 1998 (Anonymous 2008) , and consequently the spawning stock biomass has decreased.
Swordfish reproductive biology has been investigated in other oceans (Pacific Ocean: Yabe et al. 1959; Shingu et al. 1974; Uchiyama and Shomura 1974; Miyabe and Bayliff 1987; DeMartini et al. 2001; Wang et al. 2003; Young et al. 2003 ; Atlantic Ocean: Taylor and Murphy 1992; Arocha and Lee 1995; Hazin et al. 2001, and in Mediterranean Sea: De la Serna et al. 1996) . However, little is known about the reproduction of the swordfish population in Indian Ocean.
Putative spawning areas have been described (Mejuto et al. 2006) and some have been proposed based on the occurrence of spawning individuals and juveniles, on the occurrence of swordfish juveniles in the tunas and marlin stomach contents (Yabe et al. 1959) , and on the occurrence of swordfish larvae in plankton tow samplings (Lütken 1880 in Palko et al. 1981; Bogorov and Rass 1961 (cited in Palko et al. 1981 ) ; Gorbunova 1969; Kondritskaya 1970; Nishikawa and Ueyanagi 1974) .
In our first study, on reproductive dynamics of swordfish in the southwestern Indian Ocean , we assessed the reproductive activity using the macroscopic characteristics of the gonads, trends of gonadal indexes for both sexes, oocyte size frequency distributions and detailed histological examination, and finally in toto description of the development stages of the late oocytes after clearing fixation. We showed asynchronous oocyte development and confirmed that swordfish are multiple spawners. We demonstrated that a concurrent decrease of sea surface temperatures and an increase of the ratio of female can be an accurate proxy of the end of the spawning season in this area. We found that swordfish can spawn in the vicinity of Reunion Island during a protracted season of seven months when sea surface temperatures were above 24
• C. At these temperatures, growth rates are assumed to be high, reducing consequently the time of the critical period of high mortality of larval and juvenile stages (Houde 1989; Dewees 1992; Young et al. 2003) . We showed that spawning grounds of swordfish in the Indian Ocean and the eastern Pacific were localized in discrete areas. Finally, we found that swordfish exhibits size/sex synchronized movements between spawning grounds and neighboring regions.
Knowledge about reproduction is critically needed for the management and conservation of large pelagic fish (Medina et al. 2003; Corriero et al. 2002) and fluctuations in fecundity are an important component of reproductive variability (Kraus et al. 2000) . However, no data have been published concerning these reproductive features of the population of the Indian Ocean while fisheries developed.
In this paper, we attempt to address the deficiency concerning swordfish reproduction data in the southwestern Indian Ocean, by first describing the cycle of oocyte production. We also investigate the individual fecundity of swordfish and compare those fecundity estimates with those published from other geographic areas. Finally, we identify the reproductive traits of the swordfish stock around Reunion Island and propose migration patterns to support management and conservation measures to ensure long-term sustainable yield.
Materials and methods

Data sources
To investigate the spawning pattern of swordfish, we used data collected through a combination of two at sea sampling regimes. Data from the following databases were extracted according to geographical and time strata and used in the size frequency distribution analyses.
Geolocated size frequency database (database 1)
A size monitoring program was designed to collect the lengths (and sex when possible) onboard domestic longliners. All the swordfish caught during each fishing operation covered were enumerated by trained observers. A total of 17 007 geo-located size data of swordfish (4909 individuals with length and sex data; 12 088 individual with length only) were recorded between January 1993 and January 2001 between 4
• S and 32
• S along with the information from fishing logbook (fishing locations, starting time of setting and retrieval, number of hooks deployed, number of fish caught by species, etc.).
Swordfish reproduction database (database 2)
For the purpose of the swordfish reproduction study, a total of 1727 swordfish samples (1107 females and 620 males) were collected from May 1998 to January 2001 between 19
• and 25
• S, and 48
• and 54
• E onboard domestic longline vessels. For each fish, size and sex were assessed. The fishing techniques and method of samples collection have been described by Poisson and Fauvel (2009) . Size data were included in the geo-located size frequency database (database 1).
Fish samples
The swordfish fecundity estimates were based on a sample of seven pre-spawning females covering a broad length range from 127 to 235 cm lower jaw-to-fork length (LJFL) sampled onboard domestic longline vessels from December 1999 to January 2001 (database 2). Females with unovulated, hydrated oocytes showing no evidence of current spawning (no hydrated eggs run under a moderate pressure on the gonads) were selected during the spawning season in January (1 individual), December (1 individual), February (3 individuals) and March (2 individuals).
Laboratory processing
The weight of each whole ovary lobe was recorded to the nearest 5 g prior to any sectioning. Gonads were cut into right and left lobes. Then, oocytes were carefully stripped from the ovarian wall and also weighed to the nearest 5 g.
The fecundity was estimated by the gravimetric method . For each female, 30 "core sub-samples" (0.15 to 0.25 g) of the most developed ovary lobe were taken randomly from the anterior, middle and posterior parts of one lobe. Each sub-sample was weighed with a precision of 0.01 g (Precisa, type XB 320 M).
The core samples were filtered twice to separate hydrated and non-hydrated oocytes using sieves of 1 mm and 0.5 mm mesh (Lowerre-Barbieri and Barbieri 1993). Hydrated oocytes were stained with Cochineal (E120) after a 10 min bath in the following medium: 3.5 g of Cochineal in 200 ml 9% saline solution.
We used an image analysing system to process each of the 30 sub-samples associated to each female. Hydrated oocytes were spread onto Petri dishes, photographed, and processed as grayscale images. Using the Visilog 5.1 c Program (Noesis, St. Aubin, France), image thresholds were set to define the outline of the egg, differentiating the background and foreground. At this point, each individual oocyte, as well as residual connective tissue, was counted as one object. A calibrated filter used a suite of measurements to characterize the size and shape of the objects to be included as oocytes and discarded objects that fell outside these parameters. A manual operation was performed to identify and eliminate remaining non-egg objects and subsequently deleted them from the count. Once all erroneous objects were excluded and checked, diameter measurements for each oocyte and total count of oocytes in the sub-sample were exported to an Excel c spreadsheet.
Fecundity estimations and spawning frequency
Fecundity estimations
The number of oocytes released per spawning or batch fecundity (BF) was estimated for each of seven females as the mean number of hydrated oocytes per gram found from the 30 subsamples multiplied by the total weight of the ovaries. Relative fecundity (RF), the number of hydrated oocytes per gram round body weight, was calculated by dividing BF by the estimated individual round weight. The relationships of batch fecundity to the round weight was described using standard regression analysis.
Spawning frequency
Spawning frequency was estimated according to the "hydrated oocyte assessment" developed by Hunter and Macewicz (1985) and used by Arocha and Lee (1996) and Young et al. (2003) to determine the swordfish spawning frequency during the spawning season in northern Atlantic and off eastern Australia respectively. The gonadal index developed for swordfish females by Hinton et al. (1997) was found suitable for individuals caught in Reunion Island waters . Therefore for each month of the spawning season (October to April), females with a gonadal index (GI) higher or equal to the threshold value 1.375, were considered reproductively active (Es) according to Hinton et al. (1997) . Of the reproductively active females, we considered that the females with hydrated oocytes present in their ovaries were spawning females (Ep). The average percentage of spawning females was estimated applying the following formulas:
Where: E p = number of pre-spawning females (with hydrated oocytes in their ovaries). Es = number of females reproductively active m = duration of the spawning season ; number of months And for the spawning frequency
An important underlying assumption inherent to this approach is that the distribution pattern of the spawning stock is unchanged during the reproduction season.
Results
Length composition of the catch
The average lengths of swordfish, both sexes pooled, varied with months. The average LJFL increased dramatically after August to peak at 168 cm (SD = 29 cm) in October, a slight decrease was noticed in November. After January, the values rose again to level off until May (at around 159 cm). The values are the lowest during the non-spawning season from June to August (around 154 cm) (Fig. 1) .
The monthly size frequency of swordfish, both sexes pooled, caught by the domestic fleet between 19
• S and 48
• E, showed a significant percentage of fish having length smaller than 100 cm LJFL, in March and in April (Fig. 2, arrows) .
The population of swordfish also showed a latitude dependent structure since the mean lengths of fish caught in the following areas (Area 1; <15
• S, Area 2; between 15
• S and 25 • S; Area 3 25 • S) were significantly different and exhibited a positive gradient from North to South (Fig. 3) . Swordfish average lengths (LJFL) were respectively 144 cm (SD = 30 cm), 159 cm (SD = 29), 172 cm (SD = 28) in area 1, 2 and 3 (Fig. 3 ).
Length distribution in relation to sex and reproductive activity period
Within each sex, the size range of sampled fish did not differ between spawning and sexual rest periods and ranged between 75 and 245 cm LJFL for females and 75 and 220 cm 62 F. Poisson and C. Fauvel: Aquat. Living Resour. 22, 59-68 (2009) LJFL for males. However, the distribution of length of swordfish caught by longliners differed as a function of sex and season. There was a significant difference in the size distribution (Fig. 4 ) of fish caught during the spawning season (October to April) versus the non spawning season (May to November) for females (Kolmogoroff-Smirnoff (K-S) test, p < 0.0001) and for males (K-S test, p < 0.0001). For males, the distribution is centered around 150 cm LJFL during sexual rest and showed a negative skewness during reproductive season (mode 185 cm) whereas for females, length showed a positively skewed distribution (mode: 155 cm LJFL) during sexual rest and a bimodal distribution during sexual activity, 130 and 195 cm LJFL.
Characterisation of reproductive activity
The gonadal index (GI) of females varied on a yearly basis with highest values in summer and lowest ones in winter (austral seasons). However, these variations differ with female size and we could identify the groups with different GI patterns: large females (LJFL > 190 cm), medium (between 150 and 190 cm LJFL) and small (LJFL < 150 cm).
The GI values for the larger females increased after September to peak at around 1.5 until December, a slight decrease was noticed in January. The values rose again to level off around 1.5 in February and March before decreasing gradually and bottoming-out at 1.2 during three months. A similar pattern was found for the medium females from January to September but GI increased slightly thereafter compared to that of large females and did not exceed the threshold value proposed by Hinton to describe sexually active females. In smaller size class females, GI remained below 1 and showed low variations compared to the other size classes.
Thus, older/larger females had a protracted reproductive period of seven months (October to April) while reproductive period of smaller fish (between 150 and 190 cm LJFL) appeared to be reduced to two months (February-March) suggesting that spawning activity did not include the same fractions of population throughout the period (Fig. 5) . 
Batch fecundity (BF)
We observed from 337 to 518 hydrated oocytes per gram of ovary with reduced confidence intervals of the mean within ovaries.
The estimated BF of the females examined during the study ranged from 994 ± 20 × 10 3 hydrated oocytes for the smallest ripe female measured (127 cm LJFL) to 4323 ± 180 × 10 3 for the largest female sampled (225 cm LJFL) ( Table 1) . BF (in million oocytes) was correlated with the length (LJFL) with the relationship best described by the linear regression. BF = 0.024 LJFL − 1.293 (r 2 = 0.661; F = 12.676; d f = 1.5) (Fig. 6 ).
Relative fecundity (RF)
The RF decreased from 72 to 25 hydrated oocytes/g body weight with the theoretical round weight (RW in kg from LJFL values). The weight of ovarian wall tissue ranged between 270 and 500 g, represented 3 to 14% of total ovary weight (Table 1) , and was not related to female weight.
Spawning frequency
The average percentage of spawning females (exhibiting hydrated oocytes) within sampling during the seven months of the spawning season was 36% (Table 2) , giving a theoretical mean spawning interval of 2.77 days. Thus, a ripe female could have spawned about 76 times during the 212 days of the main reproductive season.
Based on the monthly trend of the proportion of ripe females, spawning peaks occurred in November-December, and 64 F. Poisson and C. Fauvel: Aquat. Living Resour. 22, 59-68 (2009) in February then the reproductive activity decreased. Almost 20% of mature females were ripe in April at the end of the spawning season (Table 2) .
Discussion
Fecundity estimates are based on specimens with hydrated oocytes in the ovaries, which indicate imminent spawning. All the fish caught by the domestic fleet were gutted onboard and landed dressed. Therefore, samples were collected at sea onboard commercial boats but the occurrence of swordfish exhibiting these physiological conditions during these trips was rather limited. Therefore, our fecundity estimates derived from a sample of 7 specimens. However, sample sizes in other studies were generally small (<= 10) except for Arocha (2007) study based on 29 specimens who conducted his research over 5 years (Table 3) . This reflects the difficulty to collect accurate individuals from commercial fishery samples.
Gravimetric Method -Image processing and measurement of oocytes
The gravimetric method is generally used to estimate batch fecundity of the swordfish. Brilliant red colour derived from cochineal (E-120) soaking medium contrasted well hydrated oocytes edges and tremendously improved the quality of the images to be analysed. Automated image analysis, accurate staining and manual elimination of debris in the image field also proved to be highly effective. Standardized and straightforward imaging-based technique to count and measure batches of oocytes allowed us to process a large number of subsamples in a limited time. The utility of image analyses systems (IAS) approach was already assessed when studying fish reproduction (Nielson et al. 1993; Mc Carthy et al. 2008) . 
Batch fecundity
We showed that swordfish batch fecundity in southwest Indian Ocean increased with the size of the females as it is the case for other studies. A distinctive feature of our study is that one individual sampled (a 24 kg female) consisted of the smallest swordfish specimen ever studied for fecundity (Table 3 ). The batch fecundity estimates in the present study were similar to those reported in the strait of Florida (Taylor and Murphy 1992) , but lower than what has been reported in the Mediterranean (De la Serna et al. 1996) , in the North Pacific (Uchiyama and Shomura 1974) and in the Atlantic (Arocha and Lee 1996; Hazin et al. 2001) . The latter are the highest recorded in the literature, ranging respectively between 2-8.6 million and 2.1-9.9 million eggs per spawn. The lowest BF estimates were recorded by Young et al. 2003 in the Pacific off the east coast of Australia (1.18-2.5 million eggs per spawn). The combination of all the data available highlights the variability of the BF estimates among studies (Table 3) .
Variability in fecundity estimates
The discrepancy in BF estimates reported, within or among the various studies, is the result of one or a combination of factors including the choice of the biological material, the sample sizes and the methods employed at the different levels of the estimation process.
An overview of the literature shows that the fecundity of individual female swordfish of the same size within the same study can present considerable deviations.
The timing of ovary collections of serial spawners like swordfish may introduce bias and variation of batch fecundity could be expected because the portion of recruited and ovulated eggs fluctuates as the spawning season progresses (Arocha et al. 1994) .
The range of fish size/age selected, the duration of the sampling scheme over one or during consecutive spawning seasons as well as the fish sample sizes are important parameters which could impact the fecundity estimates for a stock. Spatial and temporal variations in stock structure and environmental conditions may also affect the fecundity estimates, besides the fact that stock fecundity may also dramatically vary annually Horwood et al. 1986 ).
We showed that the fecundity assessment methods are variable. Thus, Young et al. (2003) counted strictly hydrated oocytes using the method described by Schaefer (1996) , whereas other authors considering only the oocyte diameters, might have selected advanced yolked oocytes and above. Since we found that the ovarian wall can account for 3 to 14% of the ovary weight, there may be some concerns about the estimates of fecundity based only on ovary weight.
Relative batch fecundity
In the current study, the maximum relative batch fecundity estimates were lower than those reported for the Atlantic population (Hazin et al. 2001 ) and those reported in the Mediterranean sea (De la Serna et al. 1996) , but similar to those reported by Uchiyama and Shomura (1974) and Arocha et Lee (1996) . These estimates allowed us to gauge the fecundity of the swordfish among tunalike species. Though, swordfish batch fecundity estimates were similar to that found in southern bluefin tuna (Thunnus maccoyii) (57 oocytes per gram of body weight) (Farley and Davis 1998) and to yellowfin tuna (Thunnus albacares) (54.7 to 63.5 oocytes per gram of body weight) (Itano 2000) but lesser than for black skipjack (Euthynnus lineatus) (Schaefer 1987) and skipjack (Katsuwonus pelamis) (100 to 148 oocytes per gram of body weight) (Stéquert and Ramcharrun 1995; Cayré and Farrugio 1996; Ashida et al. 2008 ).
Reproductive strategy
The results of the current study emphasise key points of the reproductive strategy of the swordfish population in the vicinity of Reunion Island. We previously showed that the spawning season starts in early October with the arrival of older, larger individuals and lasts until April and we confirmed that swordfish produce several successive oocyte batches . Nevertheless, it is unlikely that an individual female would spawn throughout this entire period of time. The long spawning season may result from a turn over of new spawners replacing individuals on the spawning ground throughout the season. Even if the theoretical mean spawning interval estimated (2.8 days between October to April) was similar to that found by Arocha and Lee (1996) (2.3 days) and by Young et al. (2003) (3.0 days), this hypothesis should be taken cautiously in southwestern Indian Ocean. Several lines of evidence support this assumption including:
(1) observed fluctuations in the monthly size composition throughout the spawning season, (2) identification of different seasonal spawning peaks, (3) the variability in the percentage of spawning females in the season and (4) variations in the duration of spawning periods depending on female fish size. Similar pattern of spawning per age/size group variations has been already suspected by Young et al. (2003) .
Consequently, individuals may spawn for a short period of time which does not cover the entire spawning period and the annual fecundity, so that the sum of batch fecundities per age/size group, may be de facto, much lesser than generally assumed. This finding constitutes an important reproductive trait of the swordfish stock in the vicinity of Reunion Island. Moreover, based on the length distribution of the swordfish captured, we hypothesized that different size swordfish mingle in this area and that larger individuals might migrate into and out of the region, whereas smaller individuals may remain in about the same latitudes, favouring the mixing of individuals from different generations which is also one of the important factors of stock reproductive potential of a population (Cardinale and Arrhenius 2000) .
We previously indicated that spawning activity is located in discrete areas in the South western Indian Ocean . Reunion Island waters seem to provide appropriate environmental conditions for spawning over a seven months protracted season and for growth of the larvae and juveniles. This could be insured the reproductive success of swordfish Reunion Island latitudes as spawning season duration increases the survival probability of offspring (Lambert and Ware 1984) .
Finally, some individuals ranging from 70 to 85 cm LJFL were caught incidentally (these undersized fish were not expected due to the size of the bait and the hook), by the fleet on the fishing ground mainly in March and April. Some other small specimens were also retrieved in dolphin fish and marlin stomachs These individuals could correspond to young of the year fish of both sexes which hatched at the beginning of the spawning season (Sun et al. 2002) ; according to De Martini et al. (2007) , male and female swordfish clearly grow in length at different rates after age 1, male and female at 0.58 year old are respectively; 82.1 cm EFL and 82.3 cm EFL (around 96 cm LJFL). Young-of-the-year (YOY) juvenile swordfish, devoting most of the energy to growth, are likely to remain at the same latitudes and increase the youngest cohorts the following months. Thus, a strong "residency behaviour" of the young fish in the region is suspected which is consistent with observations of sub-population localised around particular oceanic features like sea mounts and Islands (Sedberry and Loefer 2001) and the concept of the "viscosity" of the swordfish resource (Campbell 2002 ).
Implications for management and future research needs
Older/bigger females which are seasonally migrating seem to play a major role in reproductive success of the species by producing significantly more offspring than younger females during an extended spawning season.
Swordfish stock under a high fishing pressure for decades in this part of the world may be affected by the phenomenon called "size and age structure truncation" which could induce decline in age and length at maturity and finally lower population productivity (Conover and Munch 2002) .
Moreover, Berkeley et al. (2004) , Longhurst (2002) proposed the Big old fat fecund female fish (BOFFFF) hypothesis suggesting that these individuals are more biologically valuable due to their age and reproductive abilities.
If this hypothesis is confirmed for swordfish, the removal of the larger, older individuals could be detrimental for this stock and the current results should be used to support new policies to preserve population age structure and to allow escapement of unwanted sized fish. Neilson et al. (unpublished) using data from archival tagging operations conducted in Canadian waters confirmed the homing pattern observed in Pacific Ocean (Takahashi et al. 2003) and hypothesized that swordfish formed, in the northwest Atlantic swordfish a metapopulation.
Therefore, additional research is required (1) to accurately assess fecundity parameters and (2) to demonstrate evidence for spawning and feeding site fidelity of swordfish in Indian Ocean. More sampling is also needed to evaluate the intraand inter-annual spatial and temporal variability in reproductive capacity in order to incorporate annual egg production estimates into Indian Ocean swordfish stock assessments.
Conclusion
This study contributes to a better understanding of the reproductive dynamics of swordfish population in the southwestern Indian Ocean. We implemented an efficient method to measure oocytes diameters of a large number of subsamples in a limited time, based on an accurate staining process and automated image analysis. First fecundity estimates were presented and we showed that variability in batch fecundity estimates reported in the various published studies results from one or a combination of the factors related to sampling regime, to the methodology, and to the stock studied.
The key points of the reproductive strategy of the swordfish population in the vicinity of Reunion were characterized and identified. Thus, older, larger females have earlier and longer spawning seasons (from October to December and January to April) than younger, smaller females (February-March). Moreover, based on the distribution of the swordfish captured, we hypothesized that different size swordfish mingle in this area and that larger individuals might migrate into and out of the region, whereas smaller individuals may remain in about the same latitudes, favouring the mixing of individuals from different generations. We found that Reunion Island waters exhibit the appropriate environmental conditions for adults to spawn over a protracted season allowing growth of the larvae and juveniles during seven months. We also suspected that the younger fish in our study tend to remain at these latitudes. Our results outlined the important role of the older/larger in the reproductive capacity of the population and as a consequence, the swordfish population could be negatively affected if the new hypotheses on maternal effects and genetic diversity would apply to the species. The results of additional research on swordfish reproduction and associated migration patterns could be used to support management and conservation measures designed to maintain or improve the swordfish stocks.
